The Qarhan Saline Lake is now in the stage ìplaya lakeî, where brine lakes and a dry salt plain coexist. Although an inland lake, it has large amount of marine-type salts. In this lake, there are three different occurrences of potash salts: disseminated, stratoid and layered. Through the investigation of the sediments, hydrological cycles, geochemical processes and geomorphology in and around the lake, and using the specific interaction solubility model, the formation mechanisms of potash salts have been studied and described in this article. It was found that disseminated potash salts precipitate through the slow evaporation of intercrystalline brine. Cooling is an additional factor in the precipitation of the disseminated potash salts. Hydrological cycles are responsible for the accumulation of potassium in brine lakes (e.g., the Dabuxun Lake) seated in the dry salt plain and the formation of stratoid potash along the lake shore. During the playa-lake stage, the shift of inflow river channels may result in the dissolution of dry salt plains and the formation of a brine lake. The sediments, including disseminated potash salts, are redistributed after the dissolution. This is a very important process for the accumulation of potash deposits as discovered in the Dadong Ancient Lake.
I. Introduction
Modern potash-salt deposits in the Qarhan Saline Lake (QSL) in the Qaidam Basin, West China, demonstrate that some anomalous marinetype evaporites are formingfrom non-marine brines instead of seawater (Duan, 1988; Lowenstein et al., 1989) . There are three different occurrences of potash salts in the Qarhan Saline Lake: disseminated, stratoid and layered, each having its counterparts in ancient potash deposits. Because hydrological and geochemical processes are very active in this lake, many phenomena can be observed today. Clues to the origin of ancient potash evaporites may be found in this lake (Lowenstein et al., 1989) . According to the report of the First Geological Team (Yang et al., 1968) of Qinhai Province, China, the total NaCl and KCl contents in the Qarhan Saline Lake (including solid and liquid) are 53.4 billion tons and 0.44 billion tons, respectively. The ratio of potassium to sodium is less than 0.01, much less than seawater. Although the potassium concentration is relatively low, it is still possible for potassium to accumulate and form potash deposits in this lake.
QSL is now in a stage called "playa lake" as defined by Valyashko (1972a) . According to Valyashko's calculation of volume and porosity of salt sediments along the evaporative path of seawater, potash must form in the playa stage. At this stage brines can exist in only voids between salt crystals when the brine becomes saturated with respect to potash salts. Therefore, the formation mechanism of potash, marine or non-marine, is far more complicated than simple equilibrium evaporation.
There have been several articles discussing the formation of potash in the Qarhan Saline Lake (Yuan, 1981; Yang, 1982; Sun, 1974; Wu et al., 1986; Lowenstein et al., 1989) . The hypothesis by Yuan (1981) on how potassium accumulates in the Dabuxun Lake provided important clues to our investigation (see Section IV). However there have been no systematic geochemical studies of potassium accumulation in this lake. In order to understand the mechanisms of potash formation, we studied the sediments, hydrological cycles, hydrochemistry, bromine geochemistry and geomorphology of QSL. The solubility model of Spencer et al. (1990) was used in analyzing the precipitation of disseminated potash salts. Our findings support some of the previous mechanisms proposed for potash formation and also suggest new ones. These findings may provide insight for the understanding of the origin of ancient potash deposits.
In this article, first the geological background is introduced (Section II), followed by the analysis of the formation mechanisms of disseminated potash (Section III). Then hydrological and geochemical evidence is presented to show how potassium is accumulated in the Dabuxun Lake and how the stratoid potash is precipitated along the lake shore (Section IV). In Section V, geomorphological, sedimentological and geochemical observations are shown to demonstrate how a "salt-pan cycle" led to the accumulation of layered potash deposits. Finally in Section VI, some implications of this modern saline lake and its potash-formation mechanisms to some ancient evaporites are discussed.
II. Geological setting
The Qarhan Saline Lake is located southeast of the Qaidam Basin in West China. The Qaidam Basin is a large inland basin with an area of 120,000 km 2 . It is surrounded by the Altun Mountains in the northwest, by the Qilian Mountains in the northeast, and by the Kunlun Mountains in the south. The Qaidam Basin was formed in the Jurassic period from the Paleozoic basement and was delineated by NWW-SEE faults. Later this basin was filled with a 10-km deep layer of terrestrial sediments of Mesozoic-Cenozoic age. The earliest lacustrine sediments occurred in the Early Cenozoic system and were limited to the western part of the basin. Sedimentary sequences indicate that the Qaidam Lake was expanded eastwards for about 300 km in the Miocene period. Because of tectonic activities and the relatively dry climate at the end of the Pliocene, the Qaidam Basin broke into many sub-basins, and the lake was divided into many smaller lakes. The Qarhan Saline Lake was the biggest of those broken lakes. Fig. 1 . The Geological map of the Qarhan Saline Lake. 1. Disseminated potash salts (carnallite and small amount of sylvite); 2. Stratoid potash; 3. Layered potash; 4. Lakes of surface brines; 5. Faults.
Today the climate of the QSL region is very dry with an evaporation/ precipitation ratio as large as 150. Now QSL has an area of 5800 km 2 and consists mainly of dry salt plains and ten perennial and ephemeral saline lakes. Each lake connects to inland rivers (Fig. 1) , except for the Donglin Lake, which is supplied by an underground hydrothermal CaCl 2 -type brine. QSL is underlain by about equal amounts of salt and siliciclastic sediments, which have a total thickness of 20 m in the east to 70 m in the west. The salts started to precipitate about 25,000 years ago according to C 14 dating (Huang et al., 1980) . The salts include mainly halite, carnallite and a small amount of sylvite. Sulphate (gypsum, anhydrite and hemihydrite) also occurs in mud partings in large quantities (3-50 % in volume) . Three types of potash occurred: layered, stratoid and disseminated. Their distributions are shown in Fig. 1 . Disseminated potash occurs in the sediments of the top 15 m in a large area (see Fig.  1 ). Layered or stratoid potash occurs in the top 4 m of sediments.
About 1 m below the surface of the dry salt plain, there is vast amount of intercrystalline brine. The intercrystalline brine composition is heterogeneous in space, as shown in Fig. 2 . Chloride-type brine dominates in the northeast and sulphate type brine in the southwest, where there is an appreciable amount of fresh water supply from rivers. The sulphate-type brine from the south titrates the chloride brine. The solubility product [Ca 2+ ][SO 4
2-] constitutes a constraint on the distribution of Ca 2+ and SO 4 2-(see Fig. 2 ). The typical chemical composition of the brines varies from bottom to top, as shown in Fig. 3 .
III. The formation of disseminated potash
Disseminated potash includes carnallite and a small amount of sylvite. They are disseminated in voids between halite crystals, accounting for 0.1-5 % of total volume. Most of these potash minerals are scattered in the top 15 m of salt sediments, with crystal size and distribution varying from place to place. Carnallite crystals are usually euhedral or partially dissolved. Sylvite crystals occur in voids close to carnallite but their amount is trivial. There are three possible ways for carnallite and sylvite to precipitate from brine, including evaporative concentration of intercrystalline brine, cooling and mixing of brines of different compositions. The evaporation of underground brines was confirmed by experiment (Valyashko, 1972a) . Because of the evaporation, the underground brine at the top level becomes heavier and sinks due to gravity. Multi-repetition of this process causes gravitational differentiation of the brine chemistry. Fig. 3 indicates that salinity, Cl -, Mg 2+ , Ca 2+ increase downwards, Na + , on the contrary, decreases downwards, while K + first increases and then decreases downwards. This vertical variation is controlled by the precipitation of salt minerals and gravitational differentiation. As can be seen from Fig. 3 , carnallite is saturated at a depth of about 5 to 18 m. From about 8 m downwards, K + gradually becomes depleted by the precipitation of carnallite. The underground brines sampled from the downhole, where there is no disseminated carnallite, are also capable of releasing carnallite as long as it is not diluted by low-salinity brine and has sufficiently long time to be evaporated. This is illustrated by the evaporation path as indicated by the arrow in the phase diagram (Fig. 4) . It follows that the evaporative concentration is an important mechanism responsible for the precipitation of disseminated carnallite.
The underground brine temperature changes from about 10°C at 2 m depth to 3°C at about 18 m deep in drillhole CK817 in September 1985. The temperature gradient is about 0.6°C/m. According to the model of Spencer et al. (1990) , the solubility of carnallite will decrease with the decreasing temperature. In principle, carnallite can precipitate from a brine simply by temperature dropping. However, such a brine must be close to saturation before precipitating. Besides, gravitational differentiation, as shown in Fig. 3 , cannot result simply from cooling. Therefore, we do not consider temperature change as a big factor in the formation of disseminated carnallite. But it does intensify the precipitation of carnallite from brine.
It can be demonstrated with the Harvie-Weare model (1980) that the mixing of bishofite-saturated brine and high-potassium-bearing brine may lead to the saturation of carnallite. This knowledge was used by the Qinhai Potash Plant as a way to crystallize carnallite, which is then used for potash production. However, as far as the formation of disseminated carnallite is concerned, there is no natural environment in QSL where such brines can mix.
Summarizing the discussions above, evaporative concentration of underground brine plays a dominant role in the formation of disseminated carnallite, and cooling may be an auxiliary factor in this process.
IV. The accumulation of potassium in the Dabuxun Lake and the formation of stratoid potash
The Dabuxun Lake is the largest perennial brine lake seated adjacent to the dry salt plain in the north and supplied by fresh river water in the south (Fig. 1) . It has a depth of 0.2 to 2 m and an area changing between 180 and 400 km 2 , depending upon the supply of fresh water from rivers. The salinity is about 250 to 400 g/l. The typical composition of the lake brine is listed in Table 1 . The most important phenomenon of this lake is that it is rich in potassium. The brine in the lake contains 9-22 g/l of K + . Millions of tons of carnallite are deposited on the lake shores in arid years (e.g., in 1986). The potassium coefficient (k K = K + .1000/salinity) of the lake brine is 50-60, much higher than the value of K + for the intercrystalline brine under the salt plain, which is normally 20-40. It has long been a puzzling question why this lake is rich in potassium, considering it is supplied with potassium-poor fresh water from rivers.
Hydrologically, the Dabuxun is an open system. It is supplied by fresh river waters from the south and has hydrological connections with intercrystalline brine in the north, east and west. Quite a few rivers empty into this lake. The largest river is the West Germu River with an average discharge of 10 to 100 m 3 /sec. The river water composition is given in Table 2 . It can be seen that the K + concentration is very low, almost as low as Br and Li. Our experiment on the evaporation of upstream water indicates that the final solid residue is largely mirabilite plus a little gypsum. The evaporation of downstream water resulted in a brine which has a k K of 14. Therefore, the K + in the Dabuxun Lake does not come from rivers.
The only other possible sources of K + are intercrystalline brine and disseminated carnallite. It was hypothesized (Yuan Jianqi, 1981; Yang Qian, 1982) that in humid years, the lake brine penetrates the salt plain and selectively dissolves the disseminated carnallite and becomes rich in potassium. Later in arid years, K + -rich brine flows into the lake when the lake level becomes lower than the intercrystalline brine. In order to prove this, we studied the hydrological cycle from 1981 to 1986, and the geochemistry of the lake brine and the intercrystalline brine near the lake. We observed the evaporative deposition along the lake shore, and confirmed the above assumption.
From 1981 to 1983, the Qaidam Basin was relatively humid, and the total discharge of the West and East Germu Rivers was larger than usual (Table 3) . Since large amounts of fresh water emptied into the Dabuxun Lake, the lake brine was diluted and the lake brine level elevated. The salt plain along the lake shore terrace collapsed by dissolution and the lake was expanded. The lake brine penetrated into voids of the salt plain. Its chemical composition is listed in Table 1 . Using the model of Spencer et al. (1990) , the saturation ratio for carnallite and halite was calculated to be 0.11 and 0.96, respectively, indicating that the lake brine is well undersaturated with carnallite but close to be saturated with halite. Such a brine has the capacity to dissolve carnallite but not halite. Therefore, after permeating into the salt plain, the brine selectively dissolves disseminated carnallite but dissolves little or no halite, becoming richer in potassium.
From 1984 to 1986, the Qaidam Basin turned arid. The total discharge of fresh water into the Dabuxun Lake decreased (see Table 3 ). The lake level was lowered, forming a hydraulic gradient (Fig. 5, as observed in 1985) . The intercrystalline brine with a K + concentration of about 19 g/l flowed out of the salt plain and into the lake. In the process of the flow, some halite and carnallite were deposited. Different combinations of salts formed different belts along the lake shore (see Fig. 5 ). In the "salt plain" belt, the disseminated carnallite is completely or partially dissolved. The dissolution texture can be seen in drillhole cores or on the trench profiles. In the "severe dissolved salt plain", not only carnallite was thoroughly dissolved but also halite was substantially dissolved. Pearl halite can be observed below the lake shore. The brine flowing out of the salt plain first released halite in the "halite belt 1" and then carnallite in "carnallite belt". The "halite belt 2" was formed from the lake brine in 1985 when it was only saturated with halite, as calculated with the model of .
Compared with the brine penetrating the salt plain in 1983, the brine coming out of the salt plain in 1985-1986 contains 4-9 g/l more K + . Figure 6a b indicates that the intercrystalline brine close to the lake contains 4-5 g/l more K + in 1985 than in 1983. However, the K + concentration was stable in the intercrystalline brine a few kilometers away. In 1986 the lake brine was much more concentrated. When the brine was blown to the lake shore, carnallite was precipitated due to evaporation. In the summer of 1986, for example, millions of tons of carnallite were deposited along the lake shore, stretching about 1 km wide, 40 km long, with a thickness of about 20 cm. From 1983 to 1986, the Dabuxun Lake underwent a hydrological cycle, its total potassium content increased and a potash layer was formed. This potash layer may be partially preserved by upper halite or mud precipitation. The next hydrological cycle, resulted in one of stratoid potash observed near the Dabuxun Lake shore (Fig. 1) . In summary, a climatic cycle caused the hydrological cycle, and in turn the hydrological cycle led to the accumulation of potash in the Dabuxun Lake and the formation of potash evaporites near its shore.
V. The accumulation of potassium in the Dadong Ancient Lake (DAL) and the formation of layered potash
Major potash layers are located to the east of the Dabuxun Lake (see Fig. 1 ). In order to find the mechanism of the accumulation of layered potash, we studied satellite photos, sedimentology of the deposits, geomorphology, Br geochemistry of halite and hydrochemistry of intercrystalline brine of the area to the east of the Dabuxun Lake and to the north of the Tuanje Lake. We call this lake Dadong Ancient Lake (DAL) because it is located about 5 km east of the Dabuxun Lake, a well-known lake.
It was first noticed from photos of the Landsat Satellite (the 4 th waveband, 1976) that an area of about 200 km 2 located east of the Dubuxun Lake and north of the Tuanje Lake, displays a striking light-grey area as contrast against the surrounding deep grey color. In a part of this area, layered potash deposits widely occur and they were mined for many years by a local potash plant. These phenomena indicate some special geological or hydrological anomaly in this area. In order to study this peculiarity of the area and the formation mechanism of the layered potash, we made an on-thespot investigation, and drilled six shallow holes along the geological profile (A-A' in Fig. 1) . Samples of sediments and intercrystalline brine were systematically collected.
Three phenomena were noticed during the field investigation. (1) There is a distinct dividing line along the border of the DAL. Inside the DAL, the dry salt plain is characterized by porous decimeter-thick sharp salt crusts. The salt crusts contain less than 6 % of siliciclastic silt and clays and over 90 % of salts (mostly halite). The porosity is more than 40 %. Outside the DAL, the dry
The accumulation of potash in China 1229 salt plain is characterized by efflorescent crusts to centimeter-thick halite crusts which contain more than 30 % of siliciclastic minerals and have smaller porosities. (2) There are marked terrace curbs along the margin of the DAL, the outside is about 0.1 m higher than the inside. (3) At one point below the terrace curb, pearl halite was discovered. Modern pearl halite can be seen frequently along the Dabuxun Lake shore. The pearl halite originated from the rolling of halite crystals by violent disturbance of halite-saturated brine. Therefore, pearl halite is usually regarded as the product of brine from the lake shore. All these phenomena led to the conclusion that this area was once a saline lake, perhaps similar to the Dabuxun Lake. Then the questions arose regarding how this lake (DAL) was formed, why it is dried out but the Dabuxun Lake did not, and what kind of lake it was, residual or transformed and how the K + was accumulated and the layered potash formed. In order to resolve these problems, sediments and brine chemistry were further examined. It can be seen from Fig. 7 that from north (A) to south (A'), the sediments on the surface change from (1) a silt-clay halite layer (containing disseminated carnallite) with lots of silt and a small amount of carnallite to (2) halite with a little silt, then to (3) halite-bearing carnallite (layered potash), and finally to (4) gypsum-bearing silt (A'). Note that the potash was accumulated at a place relatively close to fresh water sources. Vertically, a mud parting layer overlies the carnallite-bearing silt-clay halite layer and underlies the halite layer (north) or halite-bearing carnallite layer (south). The carnallite-bearing silt-clay halite layer contains about 0.1-5 % carnallite, 25 % silt, 5 % clay and about 60 % halite. The halite-bearing carnallite layer contains about 40-95 % carnallite and about 5-60 % halite. The mud parting layer consists of silt and clay plus a fraction of organic material. The C 14 age of 8900 y B.P. of this mud parting layer was reported by Huang et al. (1980) . This sedimentological profile can be interpreted as the result of the dissolution and reworking of the dry salt plain by fresh water. That is, the salt plain of the DAL area was flooded and dissolved, forming a surface water body or a lake. The siliciclastic materials first deposited, forming the mud parting layer. Because of large amounts of dissolved halite, the lake gradually became saturated with halite, depositing pure halite in the northern part of the DAL. Evaporation and the retreat of the flood led to the precipitation of the carnallite layer and desiccation of the lake. Fig. 7 . Sedimentological profile across the Dadong Ancient Lake (see Fig. 1 ). 1. Halite; 2. Halite-bearing carnallite; (3) Clay-silt parting layer; 4. Silt-gypsum sediments; 5. Silt-halite deposits. This conclusion is further supported by the Br geochemistry and the hydrochemistry of intercrytalline brine. Fig. 8 displays the Br geochemistry of two drill-holes (CK130 and CK141) along the A-A' profile. CK141 locates outside of the DAL and CK130 locates inside the northern part of the DAL. The Br and Cl in halite crystals were analyzed and expressed in terms of Br-Cl coefficient (Br.10 5 /Cl). The Br-Cl coefficient from CK141 has a tendency to increase from deep to shallow, indicating a gradual evolution trend. However, CK130 shows a quite different picture, above the mud parting layer the Br-Cl coefficient was sharply decreased. The Br-Cl coefficient is a very important geochemical indicator of brine concentration at the time of halite precipitation. If halite dissolves and then recrystallizes, the Br-Cl coefficient will drop substantially (Valyashko, 1957) . Therefore, the halite layer above the mud parting layer in the CK130 drill-hole can be well regarded as the result of dissolution and reprecipitation. This is additional evidence that the DAL originated from the dissolution of dry salt plain and could not be a residual lake.
The Qarhan dry salt plain (including the DAL area) contains large amounts of intercrystalline brine about 1 m below the surface. It can be seen from Fig. 9a that (1) the salinity of the brine outside the DAL is obviously higher than that inside the northern part of the DAL; (2) inside the DAL the salinity of the brine increases from north to south, illustrating that the DAL was retreating from the north to the south. The contents of sulphate (SO 4 2-) in the brine show a distribution similar to that of the salinity (Fig. 9b) . The SO 4 2-inside the DAL is much higher than outside it. Inside the DAL the SO 4 2-increases gradually towards the south. These hydrochemical characteristics of brine indicate that the DAL resulted from the dissolution of the salt plain by fresh water rich in SO 4 2-, and the lake was shrinking towards the south by evaporation.
Summing up the above geomorphological, sedimentological, geochemical and hydrochemical characteristics, the history of the DAL evolution can be inferred. Some 9000 years ago, fresh water flooded through the Shougong River from the south. The fresh water dissolved about 200
The accumulation of potash in China 1231 Fig. 9a . Salinity (g/l) of intercrystalline brine in the Dadong Ancient Lake. Fig. 9b . The SO 4 2-(g/l) of intercrystalline brine in the Dadong Ancient Lake. 1. Salinity (g/l); 2. Contour of salinity; 3. Extrapolated contour with uncertainty; 4. The lake boundary of the Dadong Ancient Lake km 2 of the dry salt plain, creating the DAL. All the materials of the dissolved dry salt plain were redistributed. The silt and clay, in addition to those washed in by fresh water, were deposited and formed the mud-parting layer. With the processes of evaporation and dissolution of salts, the salinity of the brine increased gradually and reached saturation with halite. That is how the nearly pure halite layer formed in the northern part of the DAL. However, the lake brine was not saturated with carnallite, some brine permeated into the surrounding salt plain to dissolve disseminated carnallite and then carried the potassium into the DAL in the same way as discussed in Section IV. With the decrease of the fresh water supply (possibly because the river shifted away from this area) and further evaporation, the lake shrank and gradually the brine reached the eutectic line of carnallite and halite, leading to the formation of the halite-bearing carnallite layer in the southern part of the DAL. The subsequent evaporation resulted in the desiccation of the lake.
The shift of river channels could have been the reason for the fresh water flooding. The contemporary shift of river channels is quite remarkable in the Qarhan area. Comparing the geological map of 1957 by The First Geological Team, Qinhai Province, and the photos of 1987 by the Beijing Air-Geophysical Prospect Team, it can be seen that the Germu River has shifted its position westwards for about 15 kilometers within 30 years. A branch of the West Germu River shifted to the west of the Dabuxun Lake, which resulted in the formation of the Daxi New Lake. The relationship between the shift of river channels and the movement of the lakes in this area was discussed by Duan (1988) . Lowenstein & Hardie (1985) used the "salt pan cycle" to interpret the process of the formation of halite crusts and interlayered muds. To some extent, the process of the evolution of the DAL resembles a salt pan cycle. It follows that a salt pan cycle may lead to the accumulation and formation of potash, even in a basin which is not rich in potassium.
VI. Discussion
It can be seen from the above discussions that the disseminated, stratoid and layered potash salts in the QSL have been formed in a stage of playa lake, which consists of a dry salt plain and locally of a perennial surface brine body. Disseminated potash salts are precipitated by evaporative concentration of intercrystalline brine. Hydrological cycles are a very important factor responsible for the selective dissolution of disseminated potash in dry salt plain and in the accumulation of potassium in the Dabuxun Lake. The salt pan cycle led to the accumulation of potassium and the formation of layered potash in the DAL. These different occurrences of potash salts also have their counterparts in ancient potash deposits. Disseminated carnallite and sylvite are widely distributed in the Salado Formation, New Mexico (Lowenstein & Spencer, 1990) . The layered potash extensively occurs in Stassfurt, Germany; Saskatchewan, Canada; Khorate Plateau, Thailand and other salt deposits. These ancient potash salts have been interpreted as having been formed in marine saltforming basins. If we accept the fact that a basin should reach the stage of a playa lake at some time before the precipitation of potassium salts as proved by Valyashko (1951 Valyashko ( , 1972b , potash salt can only be formed in the stage of playa lake. The mechanisms we have found in the QSL may provide clues to explain the ancient potash accumulation process.
The secondary cycle of salts has been extensively discussed by many Russian and German geologists (Borchert & Muir, 1964, p. 195) . As can be seen from the discussion in Section IV and V, the layered or stratoid potash in the QSL can be regarded as secondary product, because they were accumulated from the dissolution of disseminated carnallite. As a matter of fact, it is the secondary dissolution that has helped potassium to accumulate in the Qarhan Saline Lake.
Shift of inflow river channels does occur in the QSL area, which often leads to the flooding and birth of a new lake in the dry salt plain. The Dadong Ancient Lake is an example from the past (Section V). The Daxi New Lake is an another example of modern times. After the lake is formed, potassium can be accumulated in favorable hydrological conditions as described in Section V. If the inflow dilute water shifts away, the lake will shrink to the point of desiccation, and layered potash salts may form as in the DAL. From flooding to desiccation, a salt pan cycle is completed. We think that salt pan cycle is an important process responsible for the accumulation of potash salts in a potassium-bearing basin.
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